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Data on single-nucleotide polymorphisms and large chromosomal rearrangements, coming from a
long time evolution experiment with Escherichia Coli, are analyzed in order to argue that mutations
along a cell lineage can be modeled as Levy flights in the mutation space. These Levy flights have
two components: random single-base substitutions and large DNA rearrangements. From the data,
we get estimations for the time rates of both events and the size distribution function of large
rearrangements.
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Introduction. Life is coded in the DNA molecule,
and the combined effect of random mutations and natural
selection leads to biological evolution. Point mutations
provide a kind of fine tuning of the genome, allowing the
optimization of protein functions, for example. On the
other hand, radical remodeling by genetic recombination
events is thought to be the source of global changes, lead-
ing even to new biological species [1].
In the present paper, we use data from a long-term evo-
lution experiment (LTEE) with E. Coli populations [2] in
order to get the rate of both point mutations and large
chromosomal rearrangement events in the evolution of
this bacterium. In addition, we show an intriguing scale-
free distribution function for the lengths of the modified
DNA segments in large rearrangements.
Data on single-nucleotide polymorphisms (SNPs) in
mixed-population samples, taken from generation 2000
to 40000, come from sequencing these samples and align-
ing to the genome sequence of the ancestral strain [3].
On the other hand, large chromosomal rearrangements
in clones harvested from these samples are identified by
means of a combination of optical techniques, genome
sequencing and PCR analysis [4].
Mutations and Levy processes. Mutations are in-
herited changes in the DNA molecule. In order to study
mutations, we shall follow the time evolution of its se-
quence of bases. Time, however, is better represented by
the number of cell generations along a cell lineage, mea-
sured from the common ancestor. The value t = 0 will
label the ancestor, t = 1 the first generation, etc.
As time evolves, the list, u, conformed by the bases
in a single DNA strand, will experience random changes.
The results of the experiment described in Ref. 3 allow
us to characterize one component of these random fluctu-
ations: the point mutations. In particular, we obtain the
rate at which point mutations are observed in the bac-
terial chromosome. Of course, observed mutations have,
in general, a beneficial effect on fitness. A detailed de-
scription of fixation of beneficial mutations against drift
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processes requires modeling of the evolutionary dynamics
[5].
On the other hand, the experimental results reported
in Ref. 4 provide data on large chromosomal rearrange-
ments (indels, translocations, and inversions of frag-
ments). The employed experimental techniques allow a
precise determination of changes only when the modified
DNA segments are larger than 5 Kb. From the data,
we obtain the rate of such events and the lengths of the
segments. The observed distribution function of segment
lengths suggests a scale-free power-law dependence.
Our hypothesis is that mutations can be described as
Levy flights[6]. We shall use a simplified description in
which the probability of the DNA chain to experience a
modification in a segment of length l from generation t
to t+ 1 is written as:
Prob(t, l) = p(t)pi(l). (1)
The time rate, p(t), is supposed to be constant, i.e. time
independent. The length distribution, pi(l), has a heavy
tail. We shall show that pi(l) ∼ 1/lν for large l.
Purpose and plan of the paper. Mutations are
rare events. The data reported in Refs. 3 and 4 are the
results of 20 years of evolution and 40000 bacterial gen-
erations. However, only around 100 large chromosomal
rearrangements are registered. With such scarce data
we can not pretend a precise description of the mutation
distribution function. Instead of this, we aim at reaching
the following limited goals:
First, to extract from the data on point mutations [3]
an estimation for the rate of such events.
Second, from the data on large rearrangements [4],
more precisely changes where the modified DNA seg-
ments are larger than 5 Kilo-bases, we shall extract the
rate also. In addition, we shall show the scaling in the
length distribution of modified segments.
Our paper is, in some sense, similar to Ref. 7, where
the Levy flight theory of foraging is tested. Unfortu-
nately, in our case the available data refer only to point
mutations, l = 1, and large rearrangements with l > 5
Kb.
Levy processes have been proposed to model gene ex-
pressions in cells [8, 9]. Ours is, to the best of our knowl-
edge, the first paper advancing the hypothesis and show-
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2ing that, although not conclusively, mutations can be de-
scribed as Levy flights.
The plan of the paper is as follows. In the next two
sections, we examine the data on single-point mutations
and large rearrangements, extracting the time rates of
both kinds of events and the scaling exponent in the lat-
ter. Concluding remarks and an Appendix detailing the
estimation of the mean number of SPMs are added at the
end.
Data on SNPs. In an evolution experiment, ran-
dom fluctuations are filtered by natural selection. The
evolution dynamics in the LTEE is schematically repre-
sented in Fig. 1. Cell lineages with neutral or deleteri-
ous mutations are usually truncated, whereas beneficial
mutations confer evolutionary advantage to clones and,
thus, higher probability to continue. Once they appear,
beneficial mutations are fixed in more than 50 % of the
population after a fixing time.
One day
Time
FIG. 1. Phylogenetic representation of one day evolution in
the LTEE. After a few clonal divisions (2-3 in the figure, 6-7
in the experiment) individuals are randomly selected to pass
to the next day. Most lineages are truncated, whereas those
with higher fitness have better possibilities to continue to the
next day.
Loosely speaking, if P (b) is the rate of beneficial mu-
tations in the population, and τf the time necessary to
fix one of these mutations, the number of fixed beneficial
mutations at a given time t is roughly t/(τb + τf ), where
τb = 1/P
(b).
We draw in Fig. 2 the data on SNPs, taken from Ref.
[3]. A population, called Ara-1 in the experiment, is
sampled at generations 2000, 5000, 10000, 15000, 20000,
30000, and 40000. The two latter points are not included
in the figure because of a mutator phenotype, which ap-
peared at generation 27000 and lead to a 100-fold increase
of the mutation rate.
Alignment of 36-base reads in mixed population sam-
ples yielded 40- to 60-fold coverage, allowing to determine
frequencies of SNPs above 4 % in the population. Au-
thors report “fixed” SPMs, meaning that their frequency,
f , is above 96 %, as well as SNPs, where 4 % < f < 96
%.
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FIG. 2. (Color online) Number of SPMs as a function of time
(number of generations) in a population named Ara-1 of the
LTEE [3]. Data from generation 0 (ancestral strain, taken as
reference) to 20000 are included in the figure.
The data labeled “fixed” in the figure, correspond-
ing to mutations with f ≥ 96 %, show a linear in-
crease at short times with a slope 1.0 × 10−3 muta-
tions/generation. The data labeled “mean”, on the other
hand, correspond to our estimation for the mean number
of mutations one may detect in a clone (see Appendix A
for details). The slope in the initial interval is a little
higher, around 1.8 × 10−3 mutations/generation, which
may be taken as an estimation of P
(b)
SPM . We shall stress
that these are numbers for the whole population. The
rate of beneficial mutations in a single cell lineage is
p
(b)
SPM = P
(b)
SPM/Ncell ∼ 1.8× 10−3/(5× 106) ∼ 3× 10−10
mutations/generation, where we estimate the number of
continuing cell lineages, Ncell, roughly as five millions.
The value obtained for p
(b)
SPM should be compared
with the total point mutation rate (beneficial + neutral
+ deleterious), that in the LTEE was estimated to be
pSPM = 10
−4 − 10−3 mutations per generation for the
whole genome [10].
3Notice, however, that p
(b)
SPM is an effective rate of ben-
eficial mutations fixed in the population. If we want
to simulate the evolutionary dynamics, we shall include
competition between clones and drift processes. In or-
der to reproduce the experimental results a rate of spon-
taneous beneficial mutations three orders of magnitude
higher than this one should be considered [5].
As P (t) is constant, one should expect the total num-
ber of mutations to increase linearly with time. How-
ever, this magnitude shows a sub-linear behavior at large
times. This is a consequence of the fact that τf usually
increases when a new beneficial mutation is added on
the background of existing beneficial mutations, a phe-
nomenon known as epistasis. In order to fit the data in
the figure, we use the following asymptotic dependence,
coming from a model in Ref. [11], 2s(
√
1 + aNgen−1)/a,
where s is the slope at Ngen = 0, and a is a parameter.
The slope s is an estimation for the time rate, P .
Summarizing the present section, we may say that, for
SPMs along a cell lineage, we estimate pSPM = 5× 10−4
and p
(b)
SPM ∼ 3 × 10−10 mutated bases per generation.
The latter is obtained from the slope of the model curve
in Fig. 2 near the origin, where τf is minimal. Finally, in
the studied population, a mutator genotype may increase
by a factor of 100 the point mutation rate. The next
section is devoted to large rearrangements.
Data on large chromosomal rearrangements.
Data on large chromosomal rearrangements are provided
in Ref. [4]. Due to experimental limitations, authors can
not reliably detect rearrangements smaller than 5 Kilo
bases (Kb). On the other hand, they can only perform
measurements on clones, that is representatives of a pop-
ulation, which may exhibit strong deviations from mean
values.
The first set of results involve a time sequence of
clones of the population Ara-1, as in the previous sec-
tion. That is, samples at generations 2000, 5000, 10000,
15000, 20000, 30000, 40000, and 50000.
We shall estimate the time rate, pLJ , and size prob-
ability distribution, piLJ(l), of such events. The label
“LJ” means large jumps. The experiments report on
different kinds of rearrangements: deletions, insertions,
translocations, and inversions. The observed chromoso-
mal changes should have, in general, a beneficial charac-
ter.
Fig. 3, top panel, shows the detected number of events
as a function of time (number of generations). Most of
these rearrangements seem to be fixed, in the sense that
they are detected also at later times in different clones.
In order to fit the data, we use the same function as for
SNPs, that is 2s(
√
1 + aNgen − 1)/a. The reason is that
we expect departure from linearity as a result of epistasis
also in the present situation. From the slope, we get a
rough estimation for the rate of beneficial large changes in
the population, P
(b)
LJ ∼ 5×10−4 large changes/generation.
Dividing by Ncell, we get the following estimation for a
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FIG. 3. (Color online) Top: Number of large (greater than 5
Kb) chromosomal rearrangements in clones of the Ara-1 popu-
lation as a function of time (number of generations). Bottom:
Log-log plot of the size distribution of events. Red lines are
model fits. See detailed explanation in the body text.
single cell lineage, p
(b)
LJ ∼ 10−10 large changes/generation.
Assuming a rate of beneficial/total mutations simi-
lar to that of SPMs, we get pLJ ∼ 1.6 × 10−4 large
changes/generation.
The figure does not show any abrupt increase of P
(b)
LJ
after generation 27000, where the mutator phenotype be-
comes dominant. This fact stresses the differences be-
tween the mechanisms leading to SPMs and large rear-
rangements in the bacterial chromosome.
Fig 3, bottom panel, on the other hand, reflects the
size statistics. We use a log-log plot. The x-axis is the
size, l, and the y-axis is the number of rearrangements
with size greater or equal than l. In the interval 5×103 <
l < 1.5×106, the data are very well fitted by the function
C/lν−1, with ν = 1.42 and C a normalization constant
(Pearson correlation coefficient r = 0.96).
This dependence can be understood as coming from a
probability ∼ (ν−1)/lν for a large rearrangement of size
l to occur. Indeed, the number of events with size greater
or equal than l is thus computed as:
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FIG. 4. (Color online) Log-log plot of the size distribution of
large arrangements in clones obtained from the 12 indepen-
dently evolving populations in the LTEE, sampled at genera-
tion 40000. The red line is a fit with the function C/lν−1 for
l in the interval 5× 103 < l < 1.7× 106.
C(ν − 1)
∫ ∞
l
dx
xν
=
C
lν−1
.
Below, we shall consider a larger data with better statis-
tics. These data come from clones harvested from the 12
independently evolving populations in the LTEE, sam-
pled at generation 40000. There are 110 detected large
rearrangements in these clones. The results, are shown
in Fig. 4.
First, we shall stress that the results for 5× 103 < l <
1.7×106 show a remarkable scaling with ν = 1.49 (Pear-
son correlation coefficient r = 0.99). The slope of the
experimental curve changes for l < 5 Kb. This fact may
be partially due to the limitations of the experimental
techniques that can not detect all of the rearrangements
for these l values, as mentioned by the authors. On the
other hand, on the right hand side of the figure, l is near
the DNA size, L ≈ 5 × 106, and the end points depart
from the C/lν−1 dependence.
Summarizing the section, we may say that large rear-
rangements are observed in cell lineages at rates p
(b)
LJ ∼
10−10 and pLJ ∼ 1.6× 10−4 per generation. No changes
in these rates are reported after generation 27000 in the
Ara-1 population, when a mutator phenotype leads to a
100-fold increase of pSPM . In the reliable size interval,
5×103 < l < 1.7×106, both in a single population at dif-
ferent observational times, and in the 12 populations at
a given time, the observed rearrangements show a scale-
free distribution function with an exponent ν ≈ 3/2.
Concluding remarks. The data on SPMs and large
rearrangements in bacterial DNA in the course of 50000
generations of evolution seem to support a picture in
which both kinds of events occurs with similar rates (one
is one-third of the other). This is a kind of Levy flight
picture for mutations along a cell lineage in which small
deviations and radical changes in the genome are com-
bined. For the exponent, ν, in the size distribution of
large rearrangements, we get ν ≈ 3/2.
The picture is not complete, however, because of the
lack of experimental data on intermediate chromosomal
rearrangements, i.e. l in the range 1 < l < 5 Kb.
A scale-free distribution for large rearrangements is un-
expected. Naively, one would expect a scale of the order
of 2 Kb for bacteria, and a distribution function for the
rearrangement lengths rapidly decaying for dimensions
larger than the scale. Thus, the biological mechanism by
which such a scale-free distribution is generated shall be
further studied.
From an abstract perspective, however, a scale-free dis-
tribution for large rearrangements is a good strategy. In
the described experiment, where the population size is
controlled, biological evolution can be viewed as an op-
timization problem. The mean fitness in the population
is the cost function. Mutations provide the mechanism
for searching the parameter space, and natural selection
picks up the best representatives in the population. A
local search alone, like the SPMs, could trap mutation
trajectories around a local maximum in the fitness land-
scape. An optimal search algorithm shall include large
jumps of any size, that is a scale-free size distribution.
The near optimal character of the search algorithm is
confirmed in the experiment by what authors call “par-
allel mutations” [4], that is very similar fixed mutations
in independently evolving populations.
We notice, by the way, that the idea of a Levy search
is already implemented in computational optimization
techniques [12].
Our statement about the Levy nature of mutations
should be confirmed by other experiments because the
data we use are scarce. Mutations, specially large rear-
rangements, are rare. Only a few events are detected in
a bacterial population after 50000 generations, that is in
more than twenty years of evolution!
It would be extremely interesting to check the Levy
character of mutations in eukaryotes. Cancer stem cells
are very good candidates because for some human tissues
they reach numbers above 108 and near 104 replications
along a lifespan [13]. Massive sequencing of tumors are
already available, see for example [14], and may provide
the data for checking the Levy hypothesis. The idea that
large rearrangement hits on particular genes may lead to
cancer is very plausible. In particular, hits on the very
important p53 gene [15]. If the Levy nature of mutations
is generally confirmed, it could have practical implica-
tions in modeling carcinogenesis. We have already tried
a simplistic model [16], that should be further elaborated.
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Appendix A: Estimated mean number of SPMs in a
clone
Let us consider a mixed bacterial population, where
there are Nfixed fixed mutations (frequencies ≥ 96%),
and a number of additional SNPs with frequencies fi.
We assume that these mutations are not correlated, that
is a given frequency fi is independent from any other fj .
The probability of finding one additional mutation in a
clone is, thus:
P (1) =
∑
i
fi.
If P (1) > 0.5 we say that the mean number of muta-
tions we may find in a clone is, at least, Nfixed + 1.
Similarly, we define:
P (2) =
∑
i<j
fifj ,
and state that the mean number of mutations is, at least,
Nfixed + 2 if P (2) > 0.5.
The probabilities for Nfixed + 3, Nfixed + 4, etc muta-
tions are defined in the same way.
We shall say that the mean number of mutations we
may find in a clone is Nfixed + n if P (n) > 0.5, but
P (n+ 1) < 0.5.
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